Evidence is presented from the study area for the occurrence of a regional compressive tectonic event in the mid-Cretaceous (Aptian-Cenomanian). This is tentatively attributed to the effects of a distant continent-continent collision to the west. Pre-existing structural trends were reactivated parallel to palaeo-continental sutures to the northeast (Song Ma and Song Da) and west (Nan). The event interrupted the latest Jurassic to earliest Palaeocene subsidence and continental sedimentation of the Khorat Plateau Basin. The primary effects are shown by seismic data to be regional tilting, compressive folding, reverse faulting and inversion of the basin subsidence pattern. The data do not support the current view that such structuring was initiated during the Tertiary. However they do show that there was some reactivation of mid-Cretaceous structures during regional uplift in the Tertiary. This revision of timing of structuring suggests the hydrocarbon potential of the area may be greater than previously anticipated.
Regional setting
The Lao PDR study area is situated on the northern and western margins of the Khorat Plateau Basin. This is a large area of cropping out Mesozoic (mainly Cretaceous) continental deposits covering the northeast of Thailand, parts of Lao PDR and Cambodia (Fig. 1) . The basin system was once more extensive but has been reduced in area and thickness by significant regional Tertiary erosion.
Present-day sub-basins of the Khorat Plateau Basin are defined by the distribution of Upper Cretaceous sediments. The Vientiane and Pakxan topographic plains are the Lao extensions of the Upper Cretaceous Sakhon Nakhon Basin. Around the northern margin of this basin the underlying Khorat Group (uppermost Jurassic to Aptian) is exposed in a pattern of eroded anticlines and outlying synclines (Fig. 2) . The Phetchabun Foldbelt separates this eastern area from the NakhonThai/Sayabouri Basin where Mesozoic sediments belonging to both the Upper Cretaceous Phon Hong Group and the Khorat Group are also preserved. The similarity of the Cretaceous succession of this basin to that further to the east indicates that both areas can be considered as part of the same basin system. The surrounding massifs consist mainly of Precambrian to Upper Palaeozoic rocks, though some Upper Palaeozoic to Upper Jurassic sediments and volcanics are exposed in the Phetchabun Foldbelt.
Two structural trends are present in the study area. An approximately north-south trend predominates in the west. In the Nakhon-Thai/ Sayabouri Basin, Cretaceous sediments are gently folded and faulted on this trend. Underlying sediments in this area and in the Phetchabun Foldbelt have been more severely tectonized by east-west .... ' --; --.fL " I"'".. 
Stratigraphy
The stratigraphy of the Vientiane Basin is summarized in Fig. 3 and is based on that proposed by Ha Luong Tin & Do The Que (1991) , being here modified and further subdivided in order to facilitate correlation with the better known sequences in Thailand. The maximum thicknesses indicated in Fig. 3 are based mainly on geophysical data supplemented by outcrop measurements. The chronostratigraphic section in Fig. 4 is based on an east-west seismic line across the Vientiane Plain. The Permian is present as marine platform and marginal facies, comprising limestones and clastic sediments. The Triassic crops out only in the west of the study area where it is present as extrusive volcanics and volcaniclastics. To the east its facies is assumed to be fluvio-lacustrine, similar to its equivalents in Thailand. The Khorat Group comprises mainly fluvial sediments. The Lao Khorat Group stratigraphy substantially follows that of Thailand, recently updated by Racey et al. (1994) , except that the lowest unit, the Upper Norian to Rhaetian Phulekphey Formation (Thai Nam Phong Formation equivalent), has been assigned to the pre-Khorat section. This is because a long hiatus between this formation and the overlying Nam Set Formation is indicated by the absence of LowerMiddle Jurassic sediments.
The Phon Hong Group stratigraphic nomenclature is based on the results of potash exploration carded out between 1983 and 1986 by Vietnamese geologists, quoted by Ha Luong Tin & Do The Que (1991) . In the Vientiane area the Thangon Formation reaches a maximum thickness of 700 m and consists of three evaporitic sedimentary cycles. A basal conglomerate has been noted in one locality in the west of the Vientiane Basin (Howlett 1993) . The basal evaporite cycle contains a halite bed which reaches a maximum thickness of 340 m in boreholes. In the southeast part of the Vientiane Plain this salt has been mobilized into pillows and small diapirs. The evidence for an Albian to Cenomanian age for the Thangon (Maha Sarakham equivalent) Formation evaporites is based on biostratigraphic data from palynological analysis of cores taken in the Sakhon Nakhon Basin of Thailand (Sattayarak et aI. 1991) . This formation was identified by Utha-Aroon (1991) ? JUR. The present authors prefer to place it in the Upper Cretaceous, based on the palynological evidence cited above.
Neogene and Quaternary alluvial sediments occur locally, infilling abandoned river channels. In boreholes they reach thicknesses of up to 80 m. No older Cenozoic sediments are found in the Mesozoic basinal areas.
Current interpretations of postEarly Cretaceous inversion history
There are currently two main interpretations of the post-Early Cretaceous structural history of the Khorat Plateau Basin, relating to the timing of inversion with respect to the deposition of the Upper Cretaceous Phon Hong Group. Cooper et al. (1989) interpreted the Khorat megasequences as being deposited in a basin formed by thermal subsidence during the Jurassic and Cretaceous, which was inverted prior to the deposition of the Maha Sarakham Formation evaporites. This inversion created a rimmed basin(s) within which the evaporites were deposited. The inversion was stated to be caused by the early stages of collision between India and Eurasia in the region of central Burma (Myanmar), stress being fed to the Phetchabun Foldbelt via the Mae Ping strike-slip fault zone. They inferred a Late Cretaceous to Early Tertiary age for this inversion.
Most other authors interpret the inversion as beginning after the deposition of the Phon Hong Group, during the Tertiary. Mouret et al. (1993) date the main inversion as beginning at c. 65 Ma (earliest Palaeocene). This is based on fission track data from outcrops in Thailand of the Phra Wihan Formation indicating that the maximum palaeotemperature, and therefore the onset of uplift, occurred at that time. These and other data are interpreted to demonstrate uplift and erosion of 3000 m for surface outcrops of Khorat Group sediments in the Phu Phra area of Thailand, which is on the northem margin of the Phu Phan Uplift. A similar age for the onset of inversion is also supported by Kozar et al. (1992) .
Evidence of a two phase inversion history
While our fission track data are in close agreement with those of Mouret et al. (1993) indicating that substantial uplift and erosion began at 60 Ma (midPalaeocene), other data show that this was the second phase of structuring to have affected the Khorat Group. The initial event occurred prior to the deposition of the Phon Hong Group in the midCretaceous and was responsible for regional tilting, compressive folding, reverse faulting and inversion of the basin subsidence pattern. The Tertiary event reactivated some of these trends but its main effect was to produce regional uplift and substantial erosion. This two phase model is consistent with the evidence published from Thailand mentioned above.~ The evidence in the study areas for this interpretation is listed below.
Unconformity at the base of the Phon Hong Group
The Upper Cretaceous sedimentary cover has been more or less completely eroded in many areas of the Khorat Plateau due to Tertiary uplift, obscuring the evidence of mid-Cretaceous structuring. However an unconformity at the base of the Thangon (Maha Sarakham) Formation has previously been noted from seismic data in Thailand (Sattayarak et al. 1991) . Fortunately, in the Vientiane area of Lao PDR. the preservation of a relatively thick section of Phon Hong Group sediments means that the character of the unconformity is readily discernible.
The unconformity has been noted from shallow borehole data at the margin of the Vientiane Plain of Lao PDR by Ha Luong Tin & Do The Que (1991) . A conglomerate containing clasts of siltstone, interpreted to be derived from the Khorat Group, has also been identified at the base of the Phon Hong Group at outcrop in the west of the Vientiane Basin (Howlett 1993) . Seismic data from the Vientiane area show that this unconformity represents a more significant tectonic event than was previously realized. Four seismic lines demonstrate this. Figure 5 shows the aspect of the Phon Hong Group towards the northern limit of its distribution. Horizontal Thangon Formation reflectors onlap uneroded Khorat Group both in the west (onto the Khorat Monocline) and in the east (at the base of the Nam Leuk Uplift). Although the shallowest reflectors may be confused by recent weathering effects it is apparent from these data that most of the Nam Leuk Uplift and Khorat Monocline structuring in this area occurred during the midCretaceous. The horizontal dip of the Phon Hong Group reflectors shows that subsequent Tertiary reactivation of these structures has been relatively minor. Figure 6 is a detail from a north-south line which intersects the line of Fig. 5 . It demonstrates erosional truncation during the mid-Cretaceous of the upper Khorat Group reflectors on a reverse fault-bounded horst. There is clear onlap by horizontal Thangon Formation reflectors over this feature. The reverse faults moved during or before the deposition of the Lower Salt Member of the Thangon Formation evaporites (AlbianCenomanian), since only the highest part of the Early Cretaceous horst has been eroded.
The large reverse fault-bounded anticline seen on Fig. 7 is along a surface trend from the unfaulted Nam Leuk Uplift anticline seen in Fig. 5 . The relief on both structures is of a similar order of between 1000 and 1400 m. The bulk of the reverse fault movement is therefore inferred to have occurred during the mid-Cretaceous event. It is interpreted that the movement occurred both before and during the deposition of the Thangon Formation, giving rise to a fault scarp and localized development of a syn-fault talus fan, against which the Thangon Formation evaporites were deposited. Some Tertiary reactivation is evident on this fault, shown by dipping Phon Hong Group reflectors on the upthrown side.
Finally, Fig. 8 is a detail from the western margin of the Upper Cretaceous evaporite basin. Again, the shallowest horizontal reflectors in the Phon Hong Group may be confused by recent weathering effects but westward onlap at the base of the Phon Hong Group is strongly indicated. Together with the onlap seen along trend on Fig. 5 this indicates that the regional tilting of the Khorat Monocline was initiated in the mid-Cretaceous. Figure 9 illustrates three seismic lines from the Vientiane Plain which demonstrate that an inverse thickness relationship exists in this area between the present day thicknesses of the Khorat Group and Phon Hong Group. The data show the presence of a complete section of Khorat Group sediments, thickening towards the northeast from 1900 m on line 1 to 4000 m on line 3. This demonstrates that during the Early Cretaceous there was an increase in the rate of subsidence and deposition from southeast to northwest.
Sediment thickness and the distribution of halokinetic structures
The subsidence pattern during the Late Cretaceous can be interpreted by examining the distribution of halokinetic structures in the Thangon Formation. The salt pillows and diapirs are assumed to have been generated by increasing overburden pressure of Upper Cretaceous sediments up to the time of maximum burial during the earliest Palaeocene. Line 1 shows that the most intense salt movement has occurred in the southeast, indicating that this was the area of thickest Upper Cretaceous palaeo-overburden. However 
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at Royal Holloway, University of London on April 15, http://sp.lyellcollection.org/ Downloaded from seismic lines 2 and 3 show that towards the northwest no salt movement has occurred, indicating a thinner Upper Cretaceous palaeo-overburden. The opposing thickness trends between Khorat and Phon Hong Groups are shown by this data to be subsidence-related and demonstrate a midCretaceous inversion of the subsidence pattern.
It should be noted that in the Vientiane area gentle salt pillows are currently present at very shallow depths (Fig. 8) , supporting fission track data which show that a substantial amount of Tertiary uplift and erosion occurred after maximum burial in the earliest Palaeocene. In the area of the Vientiane Plain the authors have calculated maximum Tertiary erosion of c. 1000 m from the character of the halokinetic structuring.
Abrupt facies change
At the level of the mid-Cretaceous unconformity there is an abrupt change in facies from the Aptian Ban Thalat Formation of fluvial claystones, siltstones and sandstones to the Albian-Cenomanian Thangon Formation of restricted, continental evaporites. This facies change occurs throughout the Khorat Plateau Basin. It is difficult to envisage any other way that such a facies change could have been brought about other than by the effects of tectonism. These evaporites were suggested by Cooper et al. (1989) 
Presence of trapped hydrocarbons
The presence of thermally-derived gas in reservoirs within closed structural highs has been successfully demonstrated by many exploration wells in the Khorat Plateau of Thailand. Published seismic data over these structures show that they are defined by internally conformable, folded Khorat Group sediments (Kozar et al. 1992) . This indicates that the structuring episode which formed these traps post-dates the Early Cretaceous.
It can be assumed that the source rock for the gas lies in the pre-Cretaceous section since organicallyrich sediments within the Khorat and Phon Hong Groups are volumetrically insignificant. It is generally agreed that the most likely source rocks are within the Permian and Triassic section. The authors' burial history modelling indicates that the period of peak generation of hydrocarbons from these source rocks occurred during the Late Cretaceous burial. Thereafter only relatively minor quantities of hydrocarbons are likely to have been generated.
Since trap formation nearly always pre-dates hydrocarbon generation these two timing constraints impose a mid-Cretaceous age of structural development for such gas-bearing traps, further supporting the evidence for mid-Cretaceous tectonism.
Lack of structural dip in Phon Hong Group
At outcrop, the Phon Hong Group rarely dips at more than a few degrees, whereas the Khorat Group shows steeper dips and is even vertical or overturned adjacent to major faults. Although this could be explained by erosion of steeply-dipping Phon Hong Group sediments during the Tertiary, it is interpreted by us as supporting evidence for a mid-Cretaceous event. 
Cretaceous granite intrusions

Fission track data from Thailand
Data were obtained from seven outcrops of the Phra Wihan and Khok Kruat Formations on the Khorat Monocline in Thailand southwest of Khon Kaen. The data show a spread of ages all of which are younger than the depositional age . This indicates that the fission tracks have experienced some annealing. Despite variations in mean age from 84 + 8 to 40 + 5 Ma, statistical modelling indicates that cooling began prior to 60 Ma and that the rock has experienced temperatures of around l l0°C. The model shows that the Cretaceous thermal history is poorly constrained because it has been overprinted by later heating. The dominant thermal event was at 60Ma, but there is no evidence to suggest that an episode of uplift did not occur in the mid-Cretaceous.
Regional tectonic model
The pre-Cretaceous tectonic history of the Indochina region is still not well understood. However there is agreement that a number of continental fragments including the Indochina Plate, on whose northern margin the Khorat Plateau Basin is situated, rifted from the northern margin of Gondwana during the Palaeozoic. These fragments drifted northwards, eventually accreting to the Eurasian margin during a series of continentcontinent collisions (Mouret 1994; Metcalfe 1996) of which the India-Eurasia collision is the latest.
The timing of the collision of the Indochina Plate with its two neighbours, the South China Plate and the Shan Thai Plate still requires more research. Recent data from the Pak Lay Foldbelt show that tectonism occurred during the Late Jurassic (Stokes et al. 1996) , indicating that the Shan-ThaiIndochina collision may have occurred later than previously thought. However it is evident that at the onset of Late Jurassic-Cretaceous basin subsidence in the Khorat Plateau and surrounding areas both of these sutures had already closed (Fig. 10) .
The Khorat Plateau and other continental sedimentary basins in the region (Fig. 1 ) may have formed as foreland basins as a result of flexural subsidence in front of the orogenic belts created by these sutures. Amongst the supporting evidence for this theory is that the depocentre of the Lower Cretaceous sedimentary basin in the Khorat Plateau runs parallel to the Song Ma-Song Da suture and Annamitic Foldbelt trend (N. Sattayarak, pers. comm. 1994) and that palaeocurrent data in the Khorat Group show a source from the Annamitic Foldbelt (Howlett 1993; Mouret et al. 1993) . Also, there is no evidence of major syn-depositional faulting in the Khorat Plateau Basin, indicating that the stretching (13) factor was low.
The onset of structuring and inversion of the Khorat Group as described in this paper can no longer be attributed to the collision of the India Plate with central Burma, as was proposed by Cooper et al. (1989) , since this collision began during the Eocene (Daly et al. 1991 ). An alternative tectonic model must therefore be invoked.
In the absence of a more convincing alternative, we suggest that mid-Cretaceous tectonism is best explained by a continental collision to the west, such as that of Western Burma with Shan-Thai which is stated by Metcalfe (1996) to have occurred in the Cretaceous. The constraining forces created by such a collision would have placed the entire region in compression, leading to the structural effects already described. The Nan suture runs parallel to the north-south Phetchabun Foldbelt trend, and the Song Ma-Song Da suture runs parallel to the northwest-southeast inversion trend described above (Fig. 10) . Both of these trends were compressionally reactivated during the mid-Cretaceous event in the study area. Subsidence resumed following this hiatus, initially in new evaporitic basins created by the inversion, and continued until the earliest Palaeocene. From this time onwards the Indochina area was subjected to a transtensional stress regime. Rifting occurred during the Oligo-Miocene both to the east (South China Sea) and west (Thailand Central Plain and Gulf of Thailand) of the Khorat Plateau (Daly et al. 1991) , however there is no evidence of rifting in the Khorat Plateau itself. The evidence already cited indicates that the study area underwent some reactivation of mid-Cretaceous trends but that the main effect was to produce regional uplift and substantial erosion of much of the Upper Cretaceous sedimentary cover.
Implications for petroleum exploration
Burial history models which assume a Tertiary age for the timing of post-Early Cretaceous inversion find it difficult to explain why, if trap formation post-dated the main period of hydrocarbon generation, most, if not all such inversion structures which have been tested by drilling have proven to contain gas. As discussed above the presence of hydrocarbons in structural traps defined at the base of the Khorat Group is much better explained by mid-Cretaceous timing of structural development. Tertiary reactivation of mid-Cretaceous structures has nevertheless enhanced the volume of some traps, which might explain why some structures are underfilled with gas (e.g. the Nam Phong gas field). The implication is that the petroleum exploration potential of the area is not only confirmed but may be greater than previously anticipated.
